Objective-To formulate echocardiographic criteria for the prenatal diagnosis of coarctation of the aorta. Design-A retrospective study examining the echocardiograms of fetuses with a verified aortic arch abnormality and those in whom the diagnosis was suspected prenatally but was not subsequently confirmed. Setting-Tertiary referral centre for fetal echocardiography. Patients-87 fetuses in whom the diagnosis of coarctation was correctly made in 54, suspected but unproved in 24, and overlooked prenatally in nine. Main outcome measures-Measurements of left and right ventricular size, the diameters of the great arteries, the diameters of the left and right atrioventricular valvar orifices, the appearance of the aortic arch, and the direction of the flow ofblood across the foramen ovale.
graphic features can correctly identify aortic arch anomalies in the fetus, none either alone or in combination, could clearly distinguish between real and false positive cases, particularly in late gestation.
(Br HeartJ_ 1994;71:70-75) Fetal echocardiography can be used to detect congenital heart disease prenatally with a high degree of accuracy.' 2 Over the past 10 years most varieties of cardiac malformation have been described in the fetus and the natural history of some types documented.34 Previous publications from our department have shown that prenatal diagnosis of coarctation of the aorta is possible,5 and also that coarctation of the aorta evolves in intrauterine life. 6 With greater experience, however, it has become evident that the prenatal diagnosis of coarctation of the aorta is more difficult than previously described. Between 1980 and 1990, although the diagnosis of coarctation of the aorta or interruption of the aortic arch was made correctly in most cases, it became apparent that this diagnosis can be impossible to predict in every case or to exclude definitively. To try to improve the accuracy of this diagnosis before birth, the echocardiograms of all fetuses in whom the diagnosis was made or suspected were examined retrospectively. In this way it was hoped to formulate echocardiographic criteria for the prenatal diagnosis of coarctation of the aorta.
Patients and methods
Between 1980 and the end of 1990 over 8000 high risk pregnancies were referred for fetal echocardiography.7 A structural malformation of the fetal heart was identified in 615 fetuses and subsequently confirmed postnatally or at postmortem examination. Of these 615 cases 54 were correctly diagnosed as having either a coarctation of the aorta or an interrupted aortic arch. Over the same time period there were a further 24 fetuses in whom the diagnosis of coarctation had either been suspected or could not be excluded confidently, but in whom no abnormality of the aortic arch was subsequently confirmed. Over the same 10 year period there were nine cases of coarctation of the aorta detected postnatally where the prenatal echocardiogram had been passed as normal. The study group comprises these 87 fetuses in whom there was either a correct diagnosis of coarctation of the aorta or in whom there had been a false positive or false negative diagnosis.
A videotape recording of the echocardiogram in each case was studied retrospectively. In 19 patients, echocardiograms were repeated in later pregnancy. Sequential Figure 1 The appearance of the four chamber view in a fetus with coarctation of the aorta. There is considerable disproportion between the sizes of the left and right heart structures. LA, left atrium; LV, left ventricle, RA, right atrium; RV, right ventricle. measurements were expressed as a proportion of the expected mean for gestational age so that these could be more easily compared graphically.
Results
The diagnosis of coarctation of the aorta or interrupted aortic arch was suspected on fetal echocardiography in 78 cases. Of these, 50 fetuses had coarctation, four an interrupted aortic arch, and 24 fetuses were reported to have a normal aortic arch in the neonatal period. There were a further nine fetuses in whom the prenatal echocardiographic features were thought to be normal at the time of the study, but in whom a coarctation was found postnatally. These nine form the false negative group.
The diagnosis was suspected echocardiographically when there was a disparity between the relative sizes of the left and right heart structures. Thus the left ventricle appeared smaller than the right ventricle and the aorta smaller than the pulmonary artery. Figure 1 shows an example of a four chamber view of a fetus with verified coarctation.
GESTATIONAL AGE AT PRESENTATION AND

ACCURACY OF DIAGNOSIS
The median (range) gestational age at presentation of the fetuses that had a verified coarctation was 21 (16-40) weeks. The median (range) gestational age at which the diagnosis of coarctation was suspected in the false positive group was 29 (18-38) weeks. In most, this was also the age at which the fetus first presented. However, there were four fetuses that presented initially between 18-20 weeks, when the images were considered normal. In these four cases the diagnosis was suspected on a subsequent study, which in all four cases was performed after 28 weeks of gestation. The diagnosis of coarctation was suspected in 49 fetuses before 24 weeks of gestation. The diagnosis was subsequently confirmed in 42 (86%) of these 49 cases. By contrast, after 24 weeks' gestation the diagnosis was suspected in 29 fetuses but proved postnatally in only 12 (41%). Thus a false positive diagnosis was much more likely to be made in later pregnancy. In six of the seven false positive cases in whom the diagnosis was suspected before 24 weeks of gestation, another abnormality was subsequently detected; four fetuses had a chromosomal anomaly, one an isolated ventricular septal defect, and one had the Vater association.
The median (range) gestational age of the nine false negative cases was 18 (17-33) weeks. Except for one case seen at 33 weeks, all the cases in whom the diagnosis had been overlooked prenatally were studied before 20 weeks of gestation.
LEFT VENTRICULAR WIDTH
Of the cases in whom cardiac measurements were possible, the left ventricular width was below the normal range in 14 (32%) of 44 fetuses that had been correctly diagnosed prenatally as having a coarctation, in one (20%) of five cases with a false negative diagnosis, and in six (27%) of 22 cases with a false positive diagnosis. In the remaining cases the left ventricular width at presentation was within the normal range for the gestational age.
RIGHT VENTRICULAR WIDTH
Of the cases in whom cardiac measurements were possible the right ventricular width was above the normal range in eight (18%) of 44 fetuses that had been correctly diagnosed prenatally as having a coarctation and in nine (41%) of 22 cases with a false positive diagnosis. In the remaining cases the right ventricular width at presentation was within the normal range for the gestational age.
RATIO OF LEFT TO RIGHT VENTRICULAR WIDTH
Of the cases in whom cardiac measurements were possible, the ratio of the left to right ventricular width was below the normal range in 44 (90%) of 49 fetuses that had been correctly diagnosed prenatally as having a coarctation, in two (33%) of six cases with a false negative diagnosis, and in 15 (65%) of 23 cases with a false positive diagnosis. In the remaining cases the ratio of the left to right ventricular width at presentation was within the normal range for the gestational age.
DIAMETER OF THE AORTIC ROOT
Of the cases in whom measurements were possible, the diameter of the aortic root was below the normal range in nine (20%) of 46 fetuses that had been correctly diagnosed prenatally as having a coarctation, in one (20%) of five cases with a false negative diagnosis, and in five (23%) of 22 cases with a false positive diagnosis. In the remaining cases the aortic root diameter at presentation was within the normal range for the gestational age. 
DIAMETER OF THE PULMONARY ARTERY
Of the cases in whom measurements were possible, the diameter of the main pulmonary artery was above the normal range in 10 (22%) of 46 fetuses that had been correctly diagnosed prenatally as having a coarctation and in five (23%) of 22 cases with a false positive diagnosis. In one of five false negative cases the value was below the fifth centile of the normal range. In the remaining cases the diameter of the pulmonary artery was within the normal range for the gestational age.
RATIO OF AORTA TO PULMONARY ARTERY
The ratio of the diameter of the aortic root to that of the pulmonary artery at presentation was below the normal range in 37 (76%) of 49 fetuses that had been correctly diagnosed prenatally as having a coarctation, in two (22%) of nine cases with a false negative diagnosis, and in 10 (42%) of 24 cases with a false positive diagnosis. In the remaining cases the ratio at presentation was within the normal range for the gestational age.
MITRAL VALVE ORIFICE
Of the cases in whom measurements were possible the diameter of the mitral valve orifice was below the normal range in 16 (39%) of 41 fetuses that had been correctly diagnosed prenatally as having a coarctation, in one (33%) of three cases with a false negative diagnosis, and in 10 (50%) of 20 cases with a false positive diagnosis. In the remaining cases the diameter of the mitral valve orifice at presentation was within the normal range for the gestational age.
TRICUSPID VALVE ORIFICE
Of the cases in whom measurements were possible the diameter of the tricuspid valve orifice was above the normal range in seven (16%) of 45 or in the aortic arch. The direction of blood flow across the foramen ovale was examined with colour flow imaging in 20 cases, 12 of whom had a proved coarctation and eight of whom were false positive cases. The normal shunting across the foramen ovale is predominantly right to left in fetal life. Of the 12 fetuses with a proved coarctation seven had predominantly a left to right shunt across the foramen and five had bidirectional shunting. Of the eight fetuses with a false positive diagnosis six showed bidirectional shunting across the foramen, in one there was predominantly a left to right shunt, and in the remaining case there was predominantly a right to left shunt.
SEQUENTIAL STUDIES
Sequential studies were performed in 19 fetuses, eight of whom proved to be false positive cases and two were false negative cases. In most cases with a coarctation the left ventricle and the aortic root grew at a reduced rate compared with normal, so that with advancing gestational age, the values as a proportion of the normal mean for the gestational age, became smaller (figs 4 and 5) . Sequential measurements of left ventricular width were possible in nine fetuses in whom an arch abnormality had been correctly predicted, one fetus with a false negative diagnosis, and eight fetuses with a false positive diagnosis. The left ventricular width became smaller compared with the mean for gestational age in eight (80%) but of 10 fetuses that proved to have an arch abnormality and four (50%) out of eight fetuses with no arch abnormality. Sequential aortic root measurements were made in nine fetuses in whom an arch abnormality had been correctly predicted, two fetuses with a false negative diagnosis, and eight fetuses with a false positive diagnosis. 
Discussion
Coarctation of the aorta can be diagnosed prenatally from 18 weeks of gestation onwards.5 The diagnosis is suspected when there is a disparity between the relative sizes of the left and right heart structures-that is, the aorta is smaller than the pulmonary artery and the left ventricle is smaller than the right ventricle. This study shows, however, that these findings can also be detected in some fetuses in whom there is no evidence postnatally of a coarctation. The ratios of left/right ventricular width, diameters of aortic root pulmonary artery and mitral/tricuspid valve orifice were reduced compared with the normal range in most cases thus confirming the echocardiographic appearance of ventricular disproportion and a disparity in the sizes of the two great arteries. These ratios did not, however, help to distinguish cases of coarctation from those with a false positive diagnosis. The reason the diagnosis of an aortic arch abnormality was suspected in the false positive cases is that they showed the echocardiographic features that are associated with prenatal coarctation of the aorta. Furthermore in some cases, particularly in early pregnancy, the relative sizes of the left and right sides of the heart may seem normal despite the detection postnatally of a coarctation lesion. The disparity that occurs between the two sides of the heart has been reported to be due to dilatation of the right heart structures.'0 The results of this study show that although the right ventricular width and the diameters of the tricuspid valve orifice and pulmonary artery were enlarged compared with the normal ranges in some fetuses, in most the measurements were within the normal range at the time of presentation. Morrow et al sug- gested that the recognition of arch hypoplasia and increased diameters of the pulmonary valve and pulmonary artery in the fetus may enhance prenatal detection of coarctation."1 Clearly this is not the case from our study, as although the pulmonary artery appears relatively dilated compared with the arch in cases of fetal coarctation, actual measurements compared with normal ranges are within normal limits in many cases. Measurements of the ventricular widths, diameters of the great arteries, or the diameters of the atrioventricular valvar orifices, did not allow distinction between cases that definitely had a coarctation and those in whom the diagnosis was not proved. The left ventricular width and aortic root diameter were found to be below normal values for the gestational age in some cases, group.bmj.com on June 22, 2017 -Published by http://heart.bmj.com/ Downloaded from growth in some cases, such that the value decreased compared with the mean for 'the gestational age. This was particularly true for the aortic root diameter, which became relatively smaller in most cases with a proved coarctation, but growth was not reduced in most of the false positive cases. Sequential studies may therefore be helpful in making a more confident diagnosis.
The appearance of the aortic arch was more helpful in distinguishing cases of coarctation, although this also was not definitive. The arch was adequately imaged in 40 cases that had a coarctation and was considered to be small in 33 (83%). The arch was not seen in all four cases that proved to have an arch interruption. In 15 of the 20 false positive cases (75%), in whom an arch was adequately imaged, the arch was considered normal. In the six false negative cases in whom the arch was adequately imaged, the appearance was normal at initial presentation.
Doppler studies of flow across arterial valves did not seem to be helpful in distinguishing cases from false positives. Examination of transatrial flow across the foramen ovale may be helpful in the diagnosis of coarctation. Feit et al 1991 reported that seven of nine fetuses with left heart obstruction studied with colour Doppler showed reversal of the normal flow pattern across the foramen with unidirectional left to right transforamenal flow.12 The findings of our study support this, although this was not universally found in all abnormal cases, and may occasionally be detected in the absence of left heart obstruction. The presence of a predominantly left to right shunt across the foramen ovale in conjunction with other echocardiographic features of coarctation, may assist in making a more accurate diagnosis.
The results indicate that the most severe forms of coarctation are associated with relative hypoplasia of the left heart structures compared with the right in early pregnancy and that a correct diagnosis can be made. There is no definitive sign but combining all the variables of assessment will detect most cases. The milder forms of coarctation are consistent with a normal early fetal-echocardiogram and some of these cases may only become evident after the duct closes postnatally. This may have to be accepted as a limitation of prenatal diagnosis. The false positive diagnoses are of greater concern. In most (71%), the diagnosis was suspected after 24 weeks of gestation. In This may lead parents to consider termination of pregnancy but it is important that they understand that this can be an insecure diagnosis especially if the echocardiographic findings are subtle. In these circumstances, the growth of the cardiac chambers should be followed up and compared with normal values for the gestational age. Meanwhile the rest of the fetus should be examined and chromosomal analysis obtained. '3 14 Although coarctation is commonly known to occur in association with the 45X0 karyotype of Turner's syndrome, trisomies 18 and 13 also occur. Also, this study shows that it is important to look for a karyotypic abnormality in cases where there is a disparity in the two sides of the heart even in the absence of a coarctation lesion. In late pregnancy, it may be impossible to exclude coarctation categorically. Our policy, in these cases where coarctation seems a possible diagnosis, is to deliver in our centre to avoid the possible necessity of transferring a sick neonate from another hospital after the symptoms of coarctation have developed. The diagnosis of coarctation cannot be excluded postnatally until the duct has closed and there are no abnormal physical signs evident. In summary, although a combination of echocardiographic features can correctly identify most anomalies of the aortic arch in the fetus, none, either alone or in combination, clearly distinguished between real and false positive cases, particularly in late gestation.
